IGF-binding protein (IGFBP)-2 overexpression confers resistance to high-fat feeding and inhibits the differentiation of preadipocytes in vitro. However, whether administration of IGFBP-2 can regulate adipogenesis in vivo and the domains that mediate this response have not been defined. IGFBP-2 contains 2 heparin-binding domains (HBD), which are localized in the linker region (HBD1) and C-terminal region (HBD2) of IGFBP-2. To determine the relative importance of these domains, we used synthetic peptides as well as mutagenesis. Both HBD1 and HBD2 peptides inhibited preadipocyte differentiation, but the HBD2 peptide was more effective. Selective substitution of charged residues in the HBD1 or HBD2 regions attenuated the ability of the full-length protein to inhibit cell differentiation, but the HBD2 mutant had the greatest reduction. To determine their activities in vivo, pegylated forms of each peptide were administered to IGFBP-2 Ϫ/Ϫ mice for 12
T he bioavailability of IGF-I and IGF-II is modulated by high-affinity IGF-binding proteins (IGFBPs), which regulate ligand transport and bioavailability. IGFBP-2 is the second most abundant IGFBP in human circulation (1) , and it is the principal form of IGFBP secreted by white preadipocytes during adipogenesis (2) . Epidemiologic studies have shown an association between IGFBP-2 and metabolic homeostasis. IGFBP-2 levels in humans correlate inversely with body mass index, adiposity, plasma insulin, and markers of insulin resistance (3) (4) (5) (6) . In addition, IGFBP-2 inhibits adipogenesis in 3T3-L1 cells in vitro as evidenced by a reduction in the number of lipidladen cells and reduced expression of the adipocyte marker proteins peroxisome proliferator-activated receptor gamma (PPAR␥) and adipocyte protein 2 (aP2) (7) . Overexpression of IGFBP-2 in mice led to reduced susceptibility to diet-induced obesity and improved insulin sensitivity (7) . In contrast, IGFBP-2 knockout mice (IGFBP-2 Ϫ/Ϫ ) are heavier and have a greater increase in percent body fat compared with wild-type (WT) littermates at 16 weeks of age (8) .
Although previous studies suggest that IGFBP-2 inhibits adipogenesis, whether it directly inhibits differentiation of nonimmortalized preadipocytes isolated from animals and the specific domains within IGFBP-2 that mediate this effect have not been determined. Members of the IGFBP family exhibit 67%-70% structural homology. However, many of the physiological effects of the individual binding proteins are distinct (9) . The greatest homology among the 6 forms of IGFBPs is contained in the N-and C-terminal regions. The N-terminal region contains the primary IGF-I binding site, whereas the C-terminal region facilitates IGF-I binding and accounts for the ability of several members of the family to bind to extracellular matrix (10) . A heparin-binding domain (HBD) has been identified in the C-terminal region IGFBP-2, IGFBP-3, and IGFBP-5, whereas a arginine glycine aspartic acid (RGD) sequence is present in IGFBP-1 and IGFBP-2 (11) . In addition to C-terminal HBD (referred hereafter as HBD2), IGFBP-2 contains a unique HBD that is located in the linker region (referred hereafter as HBD1). Functional studies have shown that C-terminal HBD within IGFBP-3 and IGFBP-5 can bind to extracellular matrix proteins (10, 12) , which has been proposed to mediate both IGF-dependent and IGF-independent actions (13) , whereas RGD sequence has been shown to be responsible for IGFBP-1 (14) and IGFBP-2 (15) binding the ␣5␤1 integrin, and this mediates cell migration (14) . A synthetic peptide containing the HBD1 sequence stimulated osteoblast proliferation, increased trabecular bone mass, and reduced bone resorption in IGFBP-2 Ϫ/Ϫ mice (16) . However, the roles of the HBD1 and HBD2 domains in altering adipogenesis have not been determined. Therefore, the present study was undertaken to determine whether IGFBP-2 could inhibit preadipocyte differentiation and to define the relative importance of the HBD1 and HBD2 domains in regulating this effect. Similarly, an in vivo study was performed to determine whether peptides containing these sequences could inhibit fat mass acquisition.
Materials and Methods
More detailed methods can be found in Supplemental materials and methods, published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org.
Generation of synthetic peptides and peptides pegylation
The synthetic peptide containing the HBD1 domain of mouse IGFBP-2 (CKHLSLEEPKKLRP), a scrambled HBD1 peptide (CKPLRLSKEEHPLK) (HBD1 control peptide), the HBD2 domain of human IGFBP-2 (CKHGLYNLKQCKMSLNGQR), and the C-terminal HBD of IGFBP-5 (RKGFYKRKQCKPSRGRKR) (HBD2 control peptide) were synthesized by the Protein Chemistry Core Facility at the University of North Carolina at Chapel Hill. HBD1 and HBD2 peptides that did not contain the N-terminal cysteine were also prepared. Purity and sequence identity were confirmed by mass spectrometry. HBD1, HBD2, and HBD1 control peptides (that each contained the N-terminal cysteine) were pegylated following a procedure described in Supplemental materials and methods.
Generation of pLenti-IGFBP-2 WT, 2 HBDs mutants, and non-IGF-I binding mutant
The WT mouse IGFBP-2 amplified from pCMV-SPORT6 (American Type Culture Collection) was inserted into the pENTR/D-TOPO vector and was used as a template to make the substitution mutants. . The substitutions, highlighted in bold, were as follows: AALSLEEPAALA (HBD1 mutant)andAAGLYNAAQCAMSLNGQA(HBD2mutant),respectively. The QuikChange Site-Directed Mutagenesis kit (Agilent Technologies) was used to incorporate the base changes needed to encode these substitutions. The non-IGF-I binding mutant form of IGFBP-2 was prepared as described previously (17) .
Purification of WT, non-IGF-I binding mutant, and 2 HBD mutant forms IGFBP-2
The constructs were expressed in CHO-K1 cells as described previously (18) . Conditioned medium was collected from confluent CHO-K1 cells expressing WT IGFBP-2 or non-IGF-I binding mutant or the HBD1 mutant or HBD2 mutant that had been maintained in serum-free ␣-MEM for 48 hours. The expressed proteins were purified as described previously (19) . To determine IGF-I binding capacity of non-IGF-I binding IGFBP-2, an IGF-I binding assay was performed following a procedure described previously (20) .
Cell culture of primary preadipocytes
Preadipocytes were isolated from epididymal fat pads of IGFBP-2 Ϫ/Ϫ mice as previously described (2) . The cultures had the medium changed every 2 days until they reached confluency. Two-day postconfluent cells were then exposed to differentiation medium (serum-free DMEM containing 0.5 mM 3-isobutyl-1-methylxanthine, 1 M dexamethasone, and 5 g/mL insulin) and incubated for 2 days. Experimental treatments that were added to this medium included either WT IGFBP-2 (3 g/mL), HBD1 peptide (6 g/mL), HBD1 control peptide (6 g/mL), HBD2 peptide (6 g/mL), HBD2 control peptide (6 g/mL), HBD1 mutant IGFBP-2 (3 g/mL), the HBD2 mutant IGFBP-2 (3 g/mL), or non-IGF-I binding mutant IGFBP-2 (3 g/mL). Cultures were maintained for 2 additional days in the standard medium supplemented with 5-g/mL insulin. Thereafter, the cultures were kept in the fresh standard medium without insulin for additional 2 days.
Oil Red O staining
Cells were rinsed with PBS and then fixed with 10% formalin for 30 minutes; 100% propylene glycol (Poly Scientific) was added and incubated for 5 minutes, and cultures were incubated for 10 minutes at 60°C with Oil Red O (Poly Scientific) and then with 80% propylene glycol for 5 minutes. Images were captured using an Olympus IX81 inverted microscope, and results were quantified using ImageJ (NIH, version 1.45S).
Immunoprecipitation and immunoblotting
Differentiated adipocytes were lysed in ice-cold lysis buffer (21) , and solubilized proteins were quantified (Thermo Scientific). Equal protein amounts of lysates were loaded onto a sodium dodecyl sulfate-polyacrylamide gel, and the proteins were separated, then transferred to an Immobilon filter and visualized by immunoblotting using 1:1000 for antiadiponectin (Affinity BioReagents), 1:500 for anti-PPAR␥ (Cell Signaling Technology, Inc), 1:2000 for anti-aP2 (ProSci, Inc), and 1:5000 for the anti-␤-actin antibody (Sigma Chemical Co). The immune complexes were visualized using enhanced chemiluminescence (Thermo Fischer Scientific).
Mice
The mice, B6.129-Igfbp-2 tm1Jep (referred to as Igfbp-2 Ϫ/Ϫ mice), prepared as described previously (8, 22) , were backcrossed onto C57BL/6J background for at least 10 generations. Igfbp-2 ϩ/ϩ mice were C57BL/6J controls. All in vivo and ex vivo experimental studies were performed using male mice. The animal study protocol was reviewed and approved by the Institutional Animal Care and Use Committee of University of North Carolina at Chapel Hill. Mice were assigned to one of 3 treatment groups: 1) Peg HBD1 peptide (N ϭ 8), 2) Peg HBD2 peptide (N ϭ 10), and 3) control peptide (N ϭ 18). Igfbp-2 Ϫ/Ϫ mice were administered 50 g of each pegylated peptide in 0.1-mL PBS.
Igfbp-2
ϩ/ϩ mice (N ϭ 8) given 0.1 mL of PBS served as controls (WT). All injections were administered ip 3 times weekly from 10 to 22 weeks of age. All mice were provided with free access to 2018 Teklad global rodent diet (Harlan), containing 18.6% protein, 6.2% fat, and 3.5% crude fiber. Food consumption and the weights of the mice were determined weekly.
Body composition and serum adipokine measurement
Body fat and lean mass were measured at weeks 0 and 12 of treatment by magnetic resonance imaging (MRI) analysis (EchoMRI-100; Echo Medical Systems), using unanesthetized animals (23) . After 12 weeks of treatment, the mice were euthanized, and blood was collected by cardiac puncture and centrifuged at 3500 rpm ϫ 15 minutes. The serum was stored at Ϫ20°C. Abdominal inguinal and visceral fat pads were dissected from each animal according to defined anatomical landmarks. Subcutaneous fat between the rib cage and the upper thigh was termed sc inguinal fat, whereas all fat from the lesser curvature of the stomach to the sigmoid colon was termed visceral fat. Fat depots were blotted dry before weighing. The right inguinal fat pad was dissected separately, and the triglyceride content of this tissue was determined by a colorimetric analysis (Pointe Scientific) as previously described (22) . Serum adiponectin and leptin were measured by ELISA following manufacture's instructions (Millipore).
Glucose tolerance test
For oral glucose tolerance tests after a 4-hour fast, mice were given 20% glucose (2.5 g/kg body weight) by oral gavage and blood obtained from the tail vein at baseline, 15, 30, 60, 90, and 120 minutes (Bayer Contour Glucometer).
Statistical analysis
All data are expressed as the mean Ϯ SEM. Results were analyzed for statistically significant differences using Student's t test for the data obtained from in vitro assays or ANOVA followed by Bonferroni multiple comparison post hoc test for the data obtained from in vivo assays. In addition, repeated measures-ANOVA was used where appropriate. Statistical significance was set at P Ͻ .05.
Results

IGFBP-2 and HBD1 or HBD2 peptides inhibit differentiation of IGFBP-2 ؊/؊ preadipocytes
To investigate the effects of each of the HBDs on adipogenesis, peptides that contained the HBD1 or HBD2 sequences were incubated with cultures of preadipocytes that had been isolated from IGFBP-2 null mice. Native IGFBP-2 inhibited preadipocyte differentiation into mature adipocytes as indicated by suppression of 3 differentiation markers adiponection, aP2 and PPAR␥ ( Figure 1A , lane 8). The HBD1 peptide significantly inhibited adiponectin (eg, 66 Ϯ 10% reduction, P Ͻ .01), aP2 (eg, 51 Ϯ 2% reduction, P Ͻ .01), and PPAR␥ expression (eg, 47 Ϯ 9% reduction, P Ͻ .05) ( Figure 1A , lane 2 vs 1). The control HBD1 peptide had no effect ( Figure 1A , lane 3 vs 1). Interestingly, the HBD2 peptide completely inhibited the expression of adiponectin and aP2, and PPAR␥ expression was reduced 67 Ϯ 7% (P Ͻ .01) ( Figure 1A , lane 4 vs 1). A peptide containing the homologous region of IGFBP-5 did not alter their expression ( Figure 1A , lane 5 vs 1). IGFBP-2 mutants in which the charged residues in either the HBD1 or HBP2 domains were changed to neutral residues were tested. The IGFBP-2 mutant containing the altered HBD1 sequence inhibited differentiation marker expression as well as WT IGFBP-2 ( Figure 1A , lane 6 vs 8). In contrast, the IGFBP-2 mutant containing the altered HBD2 residues but an intact HBD1 sequence was significantly less effective in preventing preadipocyte differentiation ( Figure 1A , lane 7 vs 6). When the ability to form differentiated adipocytes was determined, similar results were obtained ( Figure 2 ). In addition, a non-IGF-I binding mutant form of IGFBP-2 (17), which had a more than 5000-fold reduction in IGF-I binding capacity, was used. The results showed that this mutant had no inhibitory effect on the differentiation of preadipocytes ( Figure  1B ). These results demonstrate that native IGFBP-2, the HBD1 mutant, and the HBD2 peptide were the most potent inhibitors of adipogenesis, whereas the HBD1 peptide and HBD2 mutant had less activity. Taken together, the results strongly suggest that the inhibitory effect of IGFBP-2 on the differentiation of preadipocyte is medi-ated primarily via its HBD2 domain and also requires the presence of its IGF-I binding capacity.
The HBD1 and HBD2 peptides decrease weight gain in IGFBP-2 ؊/؊ mice
To investigate the effects of IGFBP-2 HBDs on weight gain and fat mass in vivo, the peptides containing each HBD sequence were administered to IGFBP-2 Ϫ/Ϫ mice.
Because both control peptides had a similar effect on preadipocyte differentiation in vitro, only the scrambled HBD1 peptide was used as a control. To extend the half life of the peptides and increase their resistance to proteolysis in vivo, all 3 peptides were pegylated. We have previously shown that 50 g of HBD1 peptide administered via ip injection 5 times per week for 3 weeks promoted bone growth in IGFBP-2 Ϫ/Ϫ male mice (16) . We modified the previous protocol and injected 50 g of each peptide (ip) 3 times per week for 12 weeks. Age-matched WT The cell lysates were immunoblotted (IB) with antiadiponectin, aP2, and PPAR␥ antibodies, respectively. As a loading control, the blots were IB with an anti-␤-actin antibody. Quantitative analysis of the results from 3 separate experiments was performed, and the results are expressed in relation to ␤-actin expression. Each value represents mean Ϯ SE. *, P Ͻ .05 and **, P Ͻ .01 denotes a significant difference between 2 treatments. P, NS indicates no significant difference between 2 treatments. (B) Preadipocytes isolated from IGFBP-2 Ϫ/Ϫ mice were treated with either DM, DM plus WT IGFBP-2 (Wt IGFBP-2), or DM plus IGF-I nonbinding IGFBP-2 (IGF-I NB IGFBP-2). The cell lysates were IB with antiadiponectin, aP2, and PPAR␥ antibodies, respectively. As a loading control, the blots were IB with an anti-␤-actin antibody. doi: 10.1210/en.2013-1236 endo.endojournals.orgC57BL/6J (WT) male mice were treated with vehicle and compared with the 3 groups of mice that received peptide treatments. Because this study required a large number of IGFBP-2 Ϫ/Ϫ mice, the experiment was separated into 2 phases. In the first phase, HBD1 and control peptide treatments as well as WT control mice were studied. In the second phase, the effects of the HBD2 and control peptides were determined. The weights and ages of the mice in each group in each phase were similar at the start of treatment.
The results showed that the IGFBP-2 Ϫ/Ϫ mice receiving the control peptide gained more weight during the 12 weeks compared with the control WT mice ( Figure 3A ). During the study interval, the IGFBP-2 Ϫ/Ϫ mice treated with the HBD1 or HBD2 peptide gained significantly less weight after 8 weeks of treatment compared with mice treated with the control peptide. This difference persisted in the HBD-treated mice, and after 12 weeks of treatment, the differences remained significant ( Figure 3A ). In addition, after 10 weeks, weight gain was significantly less in the mice that received HBD2 peptide, compared with the mice that received HBD1 peptide ( Figure 3A) . Importantly, the gain of body weight in WT control mice was similar to the IGFBP-2 Ϫ/Ϫ mice treated with either the HBD1 or HBD2
peptides, respectively ( Figure 3A) . To exclude the possibility that differences in weight gain were caused by differences in food intake, we measured the food consumption weekly. The results showed no significant difference among all treatments ( Figure 3B ). In addition, oral glucose tolerance tests showed no significant differences among different treatments ( Figure 3C ).
The HBDs of IGFBP-2 inhibit body fat mass accumulation and change serum adipokine concentrations
To examine the changes in body composition, MRI was performed on all mice at the beginning and the end of study. After 12 weeks of treatment, both HBD peptides reduced the fat mass gain, but only HBD2 reached statistical difference compared with control peptide treatment (eg, 0.58 Ϯ 0.12 vs 1.19 Ϯ 0.35 g increase; P Ͻ .05) ( Table  1) . When the change of fat mass was expressed as a change in fat expressed as a percentage of body weight, the same result was obtained. Only the HBD2 peptide treatment resulted in a significant decrease body fat mass gain over the study interval (eg, 48 Ϯ 9% reduction; P Ͻ .05, compared with control) ( Figure 4A ). HBD2 peptide treatment was also associated with significant preservation of lean mass compared with control peptide (eg, lean mass increase: 3.10 Ϯ 0.57 vs 1.85 Ϯ 0.49 g; P Ͻ .05) ( Table 1) . When the lean mass change was expressed as a percentage of body weight, the results showed that IGFBP-2 Ϫ/Ϫ mice treated with the control peptide experienced a relatively greater lean mass change (eg, 7.2 Ϯ 1.0% relative reduction) compared with mice treated with either HBD peptide, although HBD2 peptide was more effective (eg, 4.1 Ϯ 1.1% relative reduction for HBD 1, 2.1 Ϯ 0.8% relative reduction for HBD2; P Ͻ .05) ( Figure 4B ). To confirm the effects on fat mass, after completion of 12 weeks of treatment, the mice were euthanized, and 2 body fat compartments were weighed. The results showed no significant difference in the liver and heart weight . After 48 hours, the media were changed to standard medium plus 0.5 mM insulin. The media were changed to standard medium after additional 48 hours. The cultures were stained with Oil Red O following the procedure described in Materials and Methods. The results were quantified using ImageJ and expressed as Oil Red O positive area (pixels) divided by whole area (pixels). ***, P Ͻ .001 indicates the significant differences between 2 treatments. P, NS, indicates no significant difference between 2 treatments. A representative image of 3 independent experiments is shown.
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among different treatments ( Figure 5A ), which excluded the possibility that organ weight change contributed to the treatment related body weight changes. Fat compartment analysis showed that the IGFBP-2 Ϫ/Ϫ mice given the control peptide had the greatest inguinal and visceral fat content among all groups. The HBD2 peptide significantly reduced the inguinal fat pad weight compared with IGFBP-2 Ϫ/Ϫ mice treated with the control peptide (eg, 0.23 Ϯ 0.02 vs 0.34 Ϯ 0.03 g; P Ͻ .05), whereas the HBD1 peptide had no effect (Table 2) . A similar result was obtained when the inguinal fat pad expressed as a percentage of body weight is compared among the treatments (eg, 32 Ϯ 7% difference with HBD2 treatment when compared with control peptide; P Ͻ .01) ( Figure 5B ). The absolute visceral fat weight was significantly reduced in mice treated with either HBD1 or HBD2 peptide compared control peptide treatment, but the HBD2 peptide was more effective (eg, 0.25 Ϯ 0.02 g for HBD2 and 0.34 Ϯ 0.01 g for HBD1 vs 0.46 Ϯ 0.04 g for control; P Ͻ .05) ( Table 2 ). Similar results were detected when the changes were expressed as a percentage of body weight (eg, 44 Ϯ 7% difference between HBD2 and 24 Ϯ 5% difference between HBD1 and control; P Ͻ .05) ( Figure  5C ). Interestingly, when the weights of both fat compartments were expressed as a percentage of body weight, the results in IGFBP-2 Ϫ/Ϫ mice treated with HBD2 peptide were similar to the WT mice ( Figure 5 , B and C). When adipocyte sizes were compared among treatments, no significant differences were detected (eg, 12399 Ϯ 1408, 12406 Ϯ 748, 11967 Ϯ 716, and 12422 Ϯ 831 pixels/cell for control peptide, HBD1, HBD2, and WT, respectively; P value, not significant). Analysis of the triglyceride content in the inguinal fat pad showed that it was significantly reduced in IGFBP-2 Ϫ/Ϫ mice treated with either HBD1 or HBD2 peptide, but HBD2 was more effective (eg, 37 Ϯ 9% vs 22 Ϯ 2% reduction, P Ͻ .05) ( Figure 6A ). In addition, the triglyceride content in WT mice was significantly less than that of IGFBP-2 Ϫ/Ϫ mice treated a control peptide (eg, a 31 Ϯ 5% less; P Ͻ .01) ( Figure 6A ). The mean serum adiponectin level was significantly lower with the HBD2 peptide treatment compared with either the mice treated with the control peptide (eg, 36 Ϯ 4%; P Ͻ .01) or with HBD1 peptide (eg, 24 Ϯ 5% reduction; P Ͻ .05) ( Figure 6B ). Treatment with the HBD2 peptide significantly increased serum leptin level compared with a control peptide-treated mice (eg, 57 Ϯ 9% increase; P Ͻ .01), whereas the HBD1 peptide had no effect ( Figure 6C) . The serum leptin level in WT mice was also higher than that of control peptide-treated IGFBP-2 Ϫ/Ϫ mice ( Figure   6C ). Taken together, these results demonstrate that both HBD1 and HBD2 peptides are able to inhibit adipogenesis, but the HBD2 peptide is a more potent inhibitor. Figure 3 . At the time of euthanasia, the liver and heart of each mouse were collected and weighed (A). The inguinal fat and visceral fat were dissected following a procedure described in Materials and Methods and weighed. The results are shown as the inguinal fat or visceral fat mass expressed as a percentage of body weight (B and C). Each bar value represents mean Ϯ SE. *, P Ͻ .05 and **, P Ͻ .01 indicate the significant differences between 2 treatments. P, NS, indicates no significant difference between 2 treatments. Peg Ctrl, pegylated control. 
Discussion
Studies in genetically modified mice show a relationship between IGFBP-2 expression and acquisition of fat mass. Transgenic overexpression resulted in no change in lean mass, but the mice were resistant to high-fat feeding and gained less weight than control animals (7). Conversely, deletion of the IGFBP-2 gene resulted in animals that had a greater fat mass (eg, 41% increase) compared with control littermates at 16 weeks of age (8) . Continued monitoring of these animals up to 1 year showed that they continued their accelerated weight gain and subsequently developed glucose intolerance and hyperinsulinemia (24) . More recent studies in which IGFBP-2 was overexpressed in leptin-deficient mice or diet-induced obese mice showed that IGFBP-2 not only resulted in a reduction in fat mass but also improved glucose tolerance and hyperinsulinemia (25) . In that study, IGFBP-2 resulted in a decrease in food intake and stabilization of body weight. However, the IGFBP-2 levels were more than 6000 ng/mL. Therefore, it is difficult to directly compare these results with the response of WT mice, who normally have levels in the range of 60 -106 ng/mL. An additional study (26) showed that IGFBP-2 overexpression resulted in decreased muscle mass, growth retardation, and increased fat mass. These animals were produced on a mixed background, and the serum concentration of IGFBP-2 was not reported. Therefore, it is difficult to compare these results with other published studies that used mice with a homogeneous background and had results that were consistent across studies (7, 8, 24, 25) . Previous studies have shown that IGFBP-2 inhibits the differentiation of 3T3-L1 cells in vitro (7), although another study that used a lower concentration of IGFBP-2 (eg, 750 ng/mL) showed no effect (27) . This difference could be due to using a concentration or other differences in experiment conditions. Our findings extend that observation to show that WT IGFBP-2 inhibits differentiation of nonimmortalized, diploid preadipocytes derived from IGFBP-2 Ϫ/Ϫ mice. Because preadipocytes synthesize IGFBP-2 (28, 29), our findings in cells derived from IGFBP-2 Ϫ/Ϫ mice represent a rigorous test of the hypothesis that exogenous addition of IGFBP-2 inhibits preadipocyte differentiation. To determine whether IGFBP-2 could alter adipogenesis in vivo, we used synthetic peptides. IGFBP-2 has a complex disulfide bonding pattern. Therefore, expression in mammalian cells is required, and obtaining sufficient material to be able to treat these animals for 12 weeks would be difficult. Therefore, we determined whether synthetic peptides that contained sequences derived from 2 HBDs retained the ability to inhibit preadipocyte differentiation. Four domains within IGFBP-2 have been characterized. The IGFBD is contained within a hydrophobic pocket in the N terminus (although residues in the C-terminal domain contribute to high affinity binding) (30) . Substitutions of 4 hydrophobic amino acids in this domain reduced IGF-I binding capacity more than 5000-fold. Both IGFBP-1 and IGFBP-2 contain an RGD sequence. This sequence mediates IGFBP-1 binding to the ␣5␤1 integrin (14) , but the function of this sequence in IGFBP-2 has been controversial. Some investigators have concluded that it mediates attachment to the ␣5␤1 integrin, whereas others have been unable to confirm this finding (9) . The third region that has been studied is the HBD in the C terminus. A region of homologous sequence has been extensively studied in IGFBP-3 and IGFBP-5 and has been shown to mediate attachment to extracellular matrix and cell sur- Figure 6 . The HBDs of IGFBP-2 decrease fat pad triglyceride content and serum adiponectin levels, whereas HBD2 stimulates serum leptin in IGFBP-2 Ϫ/Ϫ mice. IGFBP-2 Ϫ/Ϫ mice were treated as described in the legend of Figure 3 . At the end of week 12, blood was collected from each mouse before they were euthanized. (A) Triglyceride levels in the right inguinal fat pad were measured following the procedure described in Materials and Methods. Serum adiponectin (B) and leptin levels (C) were measured following manufacturer's instructions. Each bar values were expressed as mean Ϯ SE. *, P Ͻ .05 and **, P Ͻ .01 indicate significant differences between 2 treatments. Peg Ctrl, pegylated control. doi: 10.1210/en.2013-1236 endo.endojournals.orgfaces (31) . Mutagenesis of charged residues in this region altered the biologic activity of both IGFBP-3 and IGFBP-5 (9). This region also mediates IGFBP-3 and IGFBP-5 binding to acid labile subunit, which forms a stable ternary complex with IGF-I or IGF-II whose primary function is to transport IGF-I and IGF-II in plasma (32, 33) . Mutagenesis studies have shown that this region within IGFBP-2 contributes to IGF binding (13) . A fourth region that has been studied is a HBD contained in the linker region of the protein. Importantly, this region is unique for IGFBP-2 and is not contained in any other form of IGFBP. Russo et al (34) showed that mutation of this region resulted in the inability of IGF-I to stimulate glioma cell migration in vitro. Our laboratory showed that mutagenesis of this region resulted in failure of IGFBP-2 to be able to stimulate osteoblast proliferation in vitro and cartilage explant growth ex vivo (16) . Furthermore, when a peptide containing this sequence was administered to IGFBP-2
mice, it resulted in substantial improvement in bone mineral density, including increased trabecular number and thickness (16) . Therefore, this region appears to be critical for the ability of IGFBP-2 to enhance bone formation.
The studies reported here demonstrate that mutagenesis of charged residues in the HBD1 region resulted in loss of the ability of IGFBP-2 to inhibit preadipocyte differentiation in vitro, and a peptide containing this region resulted in 31% inhibition of fat mass acquisition. In contrast, a peptide containing the sequence within the C-terminal HBD was a more potent inhibitor of preadipocyte differentiation, and an IGFBP-2 mutant that had the charged residues in that region substituted with alanine had reduced ability to inhibit differentiation. The HBD2 peptide was 1.8-fold more potent than the HBD1 peptide in inhibiting preadipocyte differentiation. This is the first report of a biologic function of this domain. The mechanistic explanation for this difference will require additional investigation.
These findings were confirmed in in vivo studies in IGFBP-2 Ϫ/Ϫ mice. Administration of the HBD2 peptide significantly inhibited the gain of fat mass over a 12-week period compared with mice that had received a control peptide. Although the HBD1 peptide also had a significant effect, the response to the HBD2 peptide was significantly greater. We conclude that the HBD2 peptide retains its superior potency in vivo and that both peptides can be used as a surrogate for native IGFBP-2. The treatments had no significant effect on food intake, but the study was not powered adequately to detect the small difference that we observed (eg, 8%). The peptide might increase energy expenditure, but this was not measured. The changes in fat mass over this interval did not result in a change in glucose tolerance. However, that was not unexpected, because assessment of glucose tolerance at the same age in IGFBP-2 Ϫ/Ϫ mice showed no difference between the Ϫ/Ϫ animals and controls (24) . The divergence in these findings and those reported by Hedbacker et al (25) may be due to the difference in serum IGFBP-2 concentrations. The levels in their study were 6000 ng/mL or 175 nM, whereas our estimate of the concentrations of the peptides in serum is that they ranged between 7.7 nM and 19 nM, which is similar to WT IGFBP-2 (eg, 7.6 nM-15.3 nM). This 9-fold difference in serum levels could account for the inability of the peptides to induce significant changes in insulin sensitivity. However, because we did not administer the entire protein, we cannot exclude the possibility that some other region within IGFBP-2 is required for enhancement of insulin sensitivity. Several studies have suggested that there is a relationship between changes in serum IGFBP-2 and obesity and/or insulin resistance. The liver is the primary source of serum IGFBP-2 and excess dietary intake results in inhibition of hepatic production, which is reversed by leptin administration (25, 35) . Administration of insulin to rats results in suppression of hepatic IGFBP-2 mRNA expression (36) . Multiple investigators have demonstrated that obese preadolescent children have suppressed serum IGFBP-2 concentrations that increase after calorie restriction (37) (38) (39) . Obese adults have suppressed IGFBP-2 levels, and those levels increase with administration of a lowcalorie diet (4, 40 -42) . In overweight elderly adults, serum IGFBP-2 concentrations correlate with the degree of adiposity (6) . Additionally, bilopancreatic diversion surgery is associated with significant increases in serum IGFBP-2 (43). Low IGFBP-2 levels have also been implicated in the metabolic syndrome (44, 45) . When many of variables that are associated with obesity and insulin resistance were eliminated, linear regression analysis showed that IGFBP-2 levels correlated inversely with body mass index, serum insulin, and homeostatic model assessment in overweight adults (44, 45) . Heald et al (44) found a correlation between the presence of metabolic syndrome and/or type 2 diabetes and low IGFBP-2. Attia et al (46) found a correlation between IGFBP-2 multiple cardiovascular risk factors in adolescents, suggesting that it was a determinant of the metabolic syndrome. Children born small for gestational age show a correlation between IGFBP-2 levels and insulin sensitivity as well as fat mass (47) , and these relationships persist when they are studied as young adults (48) . IGFBP-2 has also been associated with weight gain over the lifespan. Men who gained the most weight in a cohort followed for 60 years had the lowest mean IGFBP-2 (49). These findings suggest that IGFBP-2 may regulate fat mass accumulation and insulin sensitivity in humans. These studies have not determined whether IGFBP-2 has an inhibitory effect on food consumption. Treatment with the HBD2 peptide increased serum leptin by 57%, which could alter appetite. Therefore, additional studies to determine whether IGFBP-2 functions by decreasing appetite or by increasing energy use will be required.
In contrast to its effects in liver, insulin has been shown to stimulate IGFBP-2 production in differentiated white adipose tissue (2, 50) . Quantification of IGFBP-2 mRNA expression in adipose tissue biopsies shows that IGFBP-2 expression was positively correlated with fat mass in prepubertal obese children, but there was no correlation between IGFBP-2 expression in fat and circulating IGFBP-2 (50). Also, there was a negative correlation with insulin sensitivity (50) . Analysis of sc fat in adult women showed no differences in IGFBP-2 expression among obese or lean subjects, but it was suppressed in type 2 diabetes and increased with caloric restriction (51) . These studies have been interpreted to suggest that insulin stimulates IGFBP-2 production in fat and that this leads to suppression of further preadipocyte differentiation. However, all of these studies have relied on correlations, and none have proved a causal relationship.
There is no definitive information regarding the mechanism by which IGFBP-2 and/or the HBD peptides suppress adipogenesis. We recently showed that the HBD1 peptide binds to receptor-type protein tyrosine phosphatase-␤, a receptor tyrosine phosphatase, and inhibits its ability to dephosphorylate PTEN thereby enhancing osteoblast proliferation (19) . However, the HBD2 peptide does not bind receptor-type protein tyrosine phosphatase-␤ and did not have this activity. Two studies have demonstrated that peptides that contain RGD sequences and bind to the ␣5␤1 integrin, thereby stimulating focal adhesion kinase phosphorylation, are capable of inhibiting preadipocyte differentiation (52, 53) . Although IGFBP-2 could potentially bind ␣5␤1 through its RGD sequence, no study has demonstrated that binding through the HBD2 domain modulates this response. Because the HBD2 domain is near the RGD sequence, it is possible that it determines access of the RGD sequence to ␣5␤1, but no study has investigated this possibility directly. Another possibility is that HBD2 is binding to a distinct protein that is present in the plasma membrane to mediate its functions. IGF-I binding ability was also required for IGFBP-2 to inhibit preadipocyte differentiation. Because it has been reported that the HBD2 domain of IGFBP-2 is not surface exposed at neutral pH (13), we postulate that IGF-I binding to IGFBP-2 may be required to induce a conformational change that allows surface exposure of this region, thereby facilitating HBD2 domain binding to a membrane receptor. To exclude the possibility that HBD peptides inhibit preadipocyte differentiation by antagonizing IGF-I actions, we conducted experiments where we added IGF-I in the presence of each peptide in the differentiation medium. Because the differentiation medium contains 10 Ϫ6 M insulin, which is sufficient to activate IGF-I receptor, adding IGF-I had no additional effect on cell differentiation, and therefore, no additional effect of HBD peptides could be directly detected. Because IGFBP-2 or HBD peptides cannot bind insulin, we conclude that IGFBP-2 or the HBD peptides do not inhibit preadipocyte differentiation by preventing IGF-I or insulin binding to their receptors. However, inhibition of IGF-I or insulin receptor signaling is a potential mechanism that has not been excluded. In summary, our studies demonstrate that both HBDs of IGFBP-2 have some ability to inhibit preadipocyte differentiation. However, the C-terminal HBD is significantly more potent in vitro and in vivo. The effects of this domain were such that administration of the peptide for 12 weeks limited fat mass accumulation to a rate that was similar to the rate that was measured in WT mice. This suggests that this domain can mimic many of the effects of the whole protein in limiting adipogenesis. Because IGFBP-2 levels correlate with the development of adiposity and insulin resistance in humans, our findings suggest that this peptide might not only be useful as a pharmacologic tool to study the role of adiposity in mediating insulin resistance but as a potential treatment modality.
